The ability of filamentous fungi to form multicellular colonies can be regarded as the result of two distinct morphogenetic processes, (i) growth of individual hyphae by tip extension and branching, which requires maintenance of cell polarity and redirection of the growth axis in response to environmental cues (30) , and (ii) establishment of an interconnected hyphal network or mycelium through fusion of individual hyphae. The latter process is known as vegetative hyphal fusion (VHF) or anastomosis (2) and appears to be ubiquitous in filamentous fungi, yet its biological function is unknown. Suggested roles which remain to be tested experimentally include general homeostasis, translocation of nutrients and water, and intrahyphal communication within the fungal colony (17, 37) .
Evidence from genetic studies in the model ascomycete Neurospora crassa support the notion that VHF is a highly complex and regulated developmental process (14) (15) (16) . A number of genes required for VHF have recently been identified in N. crassa, including ham-2, which encodes a putative transmembrane protein (47) , and so, which encodes a polypeptide with a WW protein-protein interaction domain (12) . Besides these genes with hitherto unknown functions, components of a highly conserved mitogen-activated protein kinase (MAPK) cascade, orthologous to the Saccharomyces cerevisiae Fus3 mating pathway, are also required for VHF (16) . Mutants of N. crassa lacking the MAPK Mak-2 or the MAPK kinase kinase Nrc-1 (33) , as well as Aspergillus nidulans strains affected in the MAPK kinase kinase SteC (46) , exhibited severe defects in VHF. The fact that these mutants were also female sterile suggests a possible functional link between signaling mechanisms involved in vegetative and mating cell fusion (33, 38) .
Intriguingly, the same conserved MAPK cascade also regulates fungal pathogenicity on plants (22) . The essential role of this so-called pathogenicity MAPK (PMK) was first described in the rice BLAST fungus Magnaporthe grisea. Mutants lacking the pmk1 gene were not only defective in the formation of appressoria but also unable to colonize host plants when inoculated through wound sites (48) . Since then, PMK was found to be required for virulence in many biologically and taxonomically diverse plant pathogens, suggesting an ancient evolutionary role of this MAPK cascade in fungal pathogenicity on plants (6, 24, 31, 44) . While PMK has been shown to control a number of virulence-related functions, the mechanisms through which it regulates plant infection have remained elusive.
In this study, we explored the functional and evolutionary links between VHF and plant pathogenicity in the vascular wilt fungus Fusarium oxysporum. This soil-borne pathogen attacks a wide range of agriculturally important crops (7) and has been reported previously to undergo VHF (19, 34) . A genetic approach was used to test two hypotheses, that (i) VHF and plant infection have signaling mechanisms in common and (ii) VHF is required for efficient plant infection. We show that F. oxysporum mutants lacking either the Mak-2 orthologue Fmk1 or the So orthologue Fso1 are severely impaired in VHF. However, while ⌬fmk1 strains are nonpathogenic on tomato plants, ⌬fso1 mutants exhibit only slightly reduced virulence. These results demonstrate that (i) VHF and plant infection have some signaling components in common and (ii) VHF is not essential for plant infection.
MATERIALS AND METHODS
Fungal isolates and culture conditions. For a complete overview of the fungal strains used in this study, see Table 1 . F. oxysporum f. sp. lycopersici race 2 wild-type strain 4287 (FGSC 9935) was used in all experiments. Generation and molecular characterization of the F. oxysporum ⌬fmk1 mutant was described previously (6) . All fungal strains were stored as microconidial suspensions at Ϫ80°C with 30% glycerol. For extraction of DNA, microconidium production, and fungal development and conidiation studies, cultures were grown for the indicated times in liquid potato dextrose broth (Difco, Detroit, MI) at 28°C with shaking at 170 rpm (8) . For determination of heterokaryon formation, nonnitrate-utilizing strains were grown on minimal medium (MM) (34) . For phenotypic analysis of colony growth, drops of water containing 2 ϫ 10 5 microconidia were spotted onto potato dextrose agar plates (Difco, Detroit, MI) and incubated at 28°C for 3 days. Assays for polygalacturonase production on polygalacturonic acid plates were performed as previously described (8) . For cellophane invasion assays, autoclaved cellophane sheets were placed on MM plates and the center of each plate was inoculated with a drop of water containing 2 ϫ 10 5 microconidia. After 4 days at 28°C, the cellophane sheet with the fungal colony was removed carefully. The presence or absence of fungal mycelium on the underlying medium was recorded after incubation of the plates for an additional 24 h at 28°C. For microscopic analysis of VHF, fungal strains were observed in a Leica DMR microscope by the Nomarski technique. Photographs were recorded with a Leica DC 300F digital camera.
Nucleic acid manipulations and cloning of the fso1 gene. Total RNA and genomic DNA were extracted from F. oxysporum mycelium as previously reported (3, 36) . Southern and Northern blot analyses and probe labeling were carried out as previously described (8) , with the nonisotopic digoxigenin labeling kit (Roche Diagnostics SL, Barcelona, Spain). Other routine DNA procedures were performed as described in standard protocols (42) .
Genomic DNA of F. oxysporum strain 4287 was used for PCR amplification on a Perkin-Elmer GeneAmp System 2400 with primers Fso1-1 (5Ј-GAAGATTG CGACAGCCCGACCG-3Ј) and Fso1-2 (5Ј-TCTCCATCATGTCCTCTTTTGT GTC-3Ј), which were derived from conserved regions of the N. crassa so gene (accession number AB072452) (12) . PCRs were routinely performed with the Long Template PCR system (Roche Diagnostics SL). The amplified DNA fragment was cloned into the pGEM-T vector (Promega, Madison, WI) and used to screen a EMBL3 genomic library of F. oxysporum f. sp. lycopersici isolate 4287. Library screening, subcloning, and other routine procedures were performed as described previously (42) . Sequencing of both DNA strands of the clones obtained was performed at the Servicio de Secuenciación Automática de DNA, SCAI (University of Córdoba, Córdoba, Spain), with the DyeDeoxy Terminator Cycle Sequencing kit (Applied Biosystems, Foster City, CA) on an ABI Prism 377 genetic analyzer (Applied Biosystems). DNA and protein sequence databases were searched with the BLAST algorithm (1) .
Construction of plasmid vectors and fungal transformation. Gene replacement vector pDfso1 was constructed by replacing a 1.1-kb HindIII-XhoI fragment from the fso1 coding region with a 3-kb HindIII-XhoI fragment from plasmid pAN7-1, containing the hygromycin B resistance gene under the control of the A. nidulans gpdA promoter (35) . A linear fragment containing the interrupted fso1 allele was generated by amplifying the entire construct with primers Fso1-9 (CGGGCGCTTGCATCGAGGC) and Fso1-10 (CCATGCGTATCCTC AAGGAACT) and used to transform protoplasts of the F. oxysporum wild-type strain or the ⌬fmk1 mutant to hygromycin resistance as previously described (8) . For complementation experiments, an 8.3-kb DNA fragment encompassing the entire fso1 gene was amplified by PCR from F. oxysporum genomic DNA with primers Fso1-13 (CTTGTGCTCGGCTTTGCTTCT) and Fso1-14 (CGTCAAG CGCGGCAACTTCA) and introduced into protoplasts of ⌬fso1 strain 29 by cotransformation with the phleomycin resistance cassette amplified from plasmid pAN8-1 (27) . Hygromycin-and/or phleomycin-resistant transformants were selected and purified by monoconidial isolation as previously described (6) . The presence of the wild-type fso1 allele in the complemented transformants was confirmed by PCR on genomic DNA with primers Fso1-3 (GGTACGCTCGG ATCGGCAG) and Fso1-5 (CGCCTCCCCTCCCGAAAC).
Heterokaryon tests. To determine heterokaryon formation between two strains carrying different nitrate auxotrophic markers, drops of microconidial suspensions or small pieces of mycelia from the respective strains were inoculated on MM at a distance of 1 cm (34) . Heterokaryons exhibiting vigorous wild-type growth on nitrate were observed in the colony contact zone after approximately 4 days of incubation at 28°C.
To measure the abilities of the different strains to undergo VHF, quantitative heterokaryon tests were performed (47) . Conidial suspensions (10 6 conidia) of a nitM or a nit1 tester strain in a wild-type background were mixed with 10 6 , 10 5 , 10 4 , 10 3 , or 10 2 conidia of nit1 or nitM mutants, respectively, obtained in the different genetic backgrounds ( Table 1 ). The concentration of conidial suspensions was determined by counting with a hemacytometer. Conidial mixtures were plated on MM with nitrate, and the number of heterokaryotic colonies per plate was determined after 3 days of incubation at 28°C. Conidial suspensions of the different mutants, in the absence of the tester strain, were used as controls to check for revertants. Viability of conidia was determined by plating 50 and 500 conidia from each strain individually on MM with ammonium. Treatments were done in triplicate, and experiments were performed at least twice with similar results. For statistical analysis of results, Scheffe's test for pairwise comparisons was used (49) .
Virulence and root adhesion assays. Tomato plant inoculation assays in a growth chamber were performed as previously described (8) . At different times after inoculation, severity of disease symptoms was recorded with indices ranging from 1 (healthy plant) to 5 (dead plant). Twenty plants were used for each treatment. Assays for root adhesion and invasive growth on tomato fruits (cultivar Daniela) were carried out as previously described, with three replicates (6), except that potato dextrose broth diluted 1:50 with water and supplemented with 20 mM glutamic acid was used for incubation of roots with fungal spores. All virulence and root adhesion experiments were performed three times with similar results.
RESULTS
Cloning and targeted knockout of the F. oxysporum fso1 gene. The so gene was previously reported to encode a protein with a WW domain required for VHF in N. crassa (12) . A TBLASTN search of the F. graminearum complete genome sequence available at http://www.broad.mit.edu /annotation/genome/fusarium_graminearum/Home.html revealed the presence of two DNA regions located at the ends of contigs 298 and 299, corresponding to the 5Ј and 3Ј regions, respectively, of a putative orthologue of N. crassa so. The complete fso1 gene of F. oxysporum f. sp. lycopersici strain 4287 was cloned from a EMBL3 genomic library using as a probe a 2.1-kb PCR fragment amplified from genomic DNA with primers Fso1-1 and Fso1-2 derived from conserved regions of the N. crassa so gene (see Materials and Methods for details). Sequencing of a hybridizing genomic clone identified an open reading frame of 3,591 bp, which encodes a putative 1,197-amino-acid protein with a predicted molecular mass of 129.5 kDa and a pI of 6.92. The Fig. S1A in the supplemental material; see Materials and Methods for details). The knockout construct was introduced into both the wild-type strain and the ⌬fmk1 mutant to study possible epistatic relationships between the two genes. Thirty-five and 12 hygromycin-resistant transformants, respectively, were analyzed by PCR with different combinations of gene-specific primers. Four and three transformants, respectively, produced amplification products that were indicative of homologous integration-mediated gene replacement (data not shown). Southern blot analysis confirmed the replacement of a 4.1-kb PstI fragment corresponding to the wild-type fso1 allele, with a fragment of 5.5 kb (see Fig. S1B in the supplemental material), demonstrating that these transformants, which were named ⌬fso1 and ⌬fmk1 ⌬fso1, respectively, carry a disrupted copy of the fso1 gene.
To confirm that the phenotype of the ⌬fso1 mutants was indeed caused by loss of fso1 function, an 8.3-kb DNA fragment encompassing the complete F. oxysporum fso1 gene was introduced into ⌬fso1 strain 29 by cotransformation with the phleomycin resistance marker. Twenty-five phleomycin-resistant transformants were analyzed for the presence of a functional fso1 allele by PCR with gene-specific primers Fso1-3 and Fso1-5. A 2.1-kb amplification product identical to that obtained from the wild type was detected in several phleomycinresistant transformants but not in the ⌬fso1 strain (see Fig.  S1C in the supplemental material). We concluded that these transformants, designated ⌬fso1ϩfso1, had integrated an intact copy of the fso1 gene into the genome.
Fmk1 and Fso1 are required for efficient fusion of vegetative hyphae and conidial anastomosis tubes in F. oxysporum. To test the role of the MAPK Fmk1 and the putative WW domain protein Fso1 in VHF of F. oxysporum, qualitative and quantitative heterokaryon tests were performed. Non-nitrate-utilizing mutants were first obtained from the different genetic backgrounds (wild type, ⌬fmk1, ⌬fso1, and ⌬fmk1 ⌬fso1) by selection on chlorate (34) . Chlorate-resistant strains were classified into nit1 (deficient in nitrate reductase) and nitM (deficient in molybdenum cofactor) according to their growth on different nitrogen sources (34) . When conidial suspensions from non-nitrate-utilizing mutants obtained in the wild-type background were inoculated 1 cm apart onto MM with nitrate as the sole nitrogen source, sparsely growing colonies emerged. After a few days, vigorous hyphal growth was observed in the region of mycelial contact between nit1 and nitM strains but not between two nit1 or two nitM strains, indicating vegetative complementation by heterokaryon formation (Fig. 1) . A nit1 strain obtained from an ectopic transformant with the fso1 knockout construct also showed heterokaryon formation. By contrast, no complementation was detected in nit1-nitM pairings in which at least one of the strains lacked a functional allele of either fmk1 or fso1, suggesting that both genes are required for efficient VHF.
To quantify the hyphal fusion defect in the mutants, a conidial suspension of a nit1 or nitM tester strain (10 6 cells per plate) was mixed with serial dilutions of conidia from the wild type or the mutant strains with complementing auxotrophic markers and then plated onto MM before determining the number of heterokaryotic colonies after 3 days. Conidial suspensions of the mutants in the absence of the tester strain were used to determine the frequency of reversion, which was extremely low (approximately 10 Ϫ6 ). The frequency of heterokaryon formation between the ⌬fso1 nit1 mutant and a nitM strain was reduced roughly 1,000-fold compared to that between nit1 and nitM strains ( Table 2) . Frequencies of heterokaryon formation in the ⌬fmk1 and ⌬fmk1 ⌬fso1 mutants were 2,000-and 10,000-fold lower, respectively, than those of the wild type. We also tested heterokaryon frequency in a mutant lacking the Gprotein ␤ subunit Fgb1, which was previously shown to signal via a cyclic-AMP-dependent pathway distinct from the Fmk1 cascade (5). VHF frequency in the ⌬fgb1 strain was increased 
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PRADOS ROSALES AND DI PIETRO EUKARYOT. CELL 50% compared to that of the wild type ( Table 2 ). These results indicate that fmk1 and fso1, but not fgb1, are required for efficient heterokaryon formation in F. oxysporum. Microscopic examination of wild-type colonies revealed the presence of a large number of VHF events, mainly in the form of short fusion bridges between parallelly growing hyphae ( Fig.  2A) . By contrast, hyphal fusion bridges were not detected in colonies of the ⌬fmk1 and ⌬fso1 mutants after extensive microscopic analyses, even though hyphae frequently made physical contact with each other. In N. crassa, germinating conidia fuse during early stages of colony establishment by means of conidial anastomosis tubes (39, 40) . We found that microconidial germ tubes of the F. oxysporum wild-type strain fused approximately 6 to 8 h after initiating germination on solid medium or in liquid medium (Fig. 2) . Similar to N. crassa (40) , the germ tubes of F. oxysporum frequently changed the original axis of growth before fusing with each other. Conidia from ⌬fmk1 and ⌬fso1 strains germinated within the same time frame as wild-type conidia, but fused germ tubes exhibiting cytoplasmic continuity with each other were never observed under the microscope (Fig. 2) . 
VOL. 7, 2008 HYPHAL FUSION IS NOT ESSENTIAL FOR FUSARIUM VIRULENCE 165
In the complemented ⌬fso1ϩfso1 strain, both hyphal fusion bridges and germ tube fusion events were observed at similar frequencies as in the wild type (data not shown). We conclude that both the MAPK Fmk1 and the WW domain protein Fso1 are essential for efficient VHF and that this essential role is conserved between F. oxysporum and N. crassa. VHF affects development and conidiation during late stages of submerged culture. To test whether VHF affects fungal development, we first determined the radial growth of the strains on different media. No differences were detected between the wild type and the ⌬fso1 mutants, whereas the ⌬fmk1 and ⌬fmk1 ⌬fso1 strains had a significantly reduced growth rate, particularly on MM (see Fig. S2 in the supplemental material). These results argue that growth reduction in these mutants is a consequence of fmk1 deletion rather than impairment of VHF. Both ⌬fso1 and ⌬fmk1 colonies produced slightly fewer aerial hyphae than those of the wild type (results not shown).
When grown in submerged culture, F. oxysporum produced abundant hyphae bearing phialides with microconidia. These microconidia detached and germinated, giving rise to more hyphae and microconidia. After a number developmental cycles, the newly produced microconidia failed to germinate and the culture became stationary (approximately 5 ϫ 10 7 microconidia ml Ϫ1 ). During late stages of submerged culture, large mycelial aggregates formed and the number of microconidia in the culture decreased approximately 1,000-fold in the wild-type strain (Fig. 3) . By contrast, no hyphal aggregates were observed in the ⌬fmk1 and ⌬fso1 strains, suggesting that VHF is required for the formation of these structures (Fig. 3A) . Moreover, the number of microconidia per milliliter at late stages of culture was four-to sixfold higher in the cultures of VHFimpaired mutants (⌬fmk1, ⌬fso1, and ⌬fmk1 ⌬fso1) compared to the wild type and the complemented ⌬fso1ϩfso1 strain (Fig.   3B ). These results suggest that VHF plays a role in fungal development during late stages of submerged culture.
VHF contributes to the formation of hyphal networks on tomato roots. Virulence-related phenotypes reported in the ⌬fmk1 mutants include the inability to adhere to and colonize tomato roots (6) . We tested the hypothesis that VHF contributes to efficient root colonization by allowing the formation of large hyphal networks on the root surface. Roots of tomato seedlings were immersed for 24 h in microconidial suspensions of the wild-type and mutant strains and then washed by vigorous shaking in water and observed in a stereomicroscope. After this time period, the wild type and the complemented ⌬fso1ϩfso1 strain had efficiently adhered to the lateral roots and formed a dense hyphal network covering the root surface whereas the ⌬fmk1 strain failed to adhere to and colonize the roots (Fig. 4A and B) . The ⌬fso1 strains showed significantly reduced root colonization ability but were still able to colonize the roots to some extent. Microscopic observation of the colonized root surface revealed the presence of frequent hyphal fusion events between germ tubes and hyphae of F. oxysporum (Fig. 4B) . Thus, VHF not only takes place during the initial stages of fungal growth on the root but also appears to contribute to efficient colonization of the root surface.
Fso1 is not essential for pathogenicity on tomato. Fmk1 is essential for infection of tomato plants by F. oxysporum (6) . Because Fmk1 is also required for efficient VHF, we forwarded two contrasting working hypotheses, i.e., that (i) VHF and pathogenicity are controlled by shared signaling components but are functionally unrelated and (ii) VHF is required for fungal pathogenicity on plants. If the second hypothesis were true, the inability of the ⌬fmk1 strain to undergo VHF would account, at least in part, for its nonpathogenic phenotype. To explore this question, we asked whether the ⌬fso1 strains, which are impaired in VHF, are also affected in virulence- 
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PRADOS ROSALES AND DI PIETRO EUKARYOT. CELL related functions such as production of pectinolytic enzymes, penetration of cellophane sheets, and invasive growth on tomato fruits. The ⌬fmk1 mutant showed strongly reduced clear halo production on polygalacturonic acid, was unable to penetrate cellophane sheets, and failed to invade tomato fruit tissue (Fig. 5) . By contrast, the ⌬fso1 strains performed as efficiently as the wild type in these tests, except for a minor but consistently reproducible delay in fruit tissue invasion (Fig.  5C ). The ⌬fmk1 ⌬fso1 double mutants had a phenotype similar to that of the ⌬fmk1 strain, but fruit tissue invasion was even more reduced than in the ⌬fmk1 single mutant. Infection of tomato plants was performed by inoculating the roots of seedlings with microconidial suspensions. Disease symptoms in plants inoculated with the wild-type strain increased steadily throughout the experiment, and most of the plants were dead 16 days after inoculation (Fig. 6) . As reported previously (6) , plants inoculated with the ⌬fmk1 strain showed extremely low disease ratings. By contrast, the ⌬fso1 mutant did not differ significantly from the wild-type strain in the pattern of disease development, whereas the ⌬fmk1 ⌬fso1 double mutant behaved similarly to the ⌬fmk1 single mutant. We conclude that, in contrast to Fmk1, Fso1 does not control functions related to invasive growth and is not essential for the pathogenicity of F. oxysporum on tomato plants.
DISCUSSION
In this study, we explored the functional relationship between cellular mechanisms that regulate VHF and virulence in the plant pathogen F. oxysporum. VHF occurs at crucial stages during the life cycle of filamentous fungi and therefore is generally assumed to serve important functions in intrahyphal communication, nutrient transport, and colony homeostasis. So far, however, none of these predicted functions has been analyzed experimentally. Although mutants of N. crassa lacking genes required for VHF show pleiotropic phenotypes such as slow vegetative growth or altered conidiation (12, 16, 33, 47) , the causal relationship between these phenotypes and lack of VHF remains to be elucidated. Thus, in spite of the emerging knowledge of the underlying molecular mechanisms, the biological role of VHF is still poorly understood. Previous studies have established that MAPK orthologues of MAK-2 are essential for virulence in many plant-pathogenic fungi (6, 22, 24, 31, 44, 48) . Because MAK-2 is required for VHF in N. crassa (33) , it was predicted that MAPK-deficient mutants of these pathogenic species would also be unable perform VHF and to form an interconnected mycelial network and that this aspect could be important for pathogenesis (14, 16, 40) . Indeed, a different MAPK cascade that controls cell wall integrity was previously shown to be required for full virulence and heterokaryon formation in the cereal pathogen F. graminearum (18) .
To explore the functional links between VHF and pathogenicity, we put forward two hypotheses, i.e., that (i) VHF and plant infection have signaling mechanisms in common and (ii) VHF is essential for virulence on plants. We chose F. oxysporum as a model to test our hypotheses since this plant pathogen has been known for many years to undergo VHF (21, 29) . Indeed, the ability to form heterokaryons is used routinely to classify F. oxysporum field isolates into vegetative complementation groups (19, 23, 34) . Moreover, a number of molecular tools and well-characterized virulence mutants are available in F. oxysporum, including strains affected in different signaling pathways (5-7). Thus, F. oxysporum provides a suitable experimental model to dissect VHF and pathogenicity within a single organism.
Characteristics of VHF in F. oxysporum. Microscopic analysis of tomato-pathogenic isolate 4287 revealed the presence of frequent hyphal fusion events, in agreement with early reports reporting the occurrence of VHF in this species (21, 29) . The hallmarks of VHF in F. oxysporum were similar to those reported in N. crassa (16) . Fusion occurred mainly at the interior 
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PRADOS ROSALES AND DI PIETRO EUKARYOT. CELL of mature colonies and between germinating conidia. Short fusion bridges between parallelly growing hyphae were very frequent under the conditions studied, but longer hyphal connections were also observed. The presence of positive tropic responses, previously reported in several fungal species (2, 16, 20, 40) , was also evident in F. oxysporum. These responses include reorientation of the hyphal growth axis toward a neighboring hypha or germ tube, as well as the emergence of fusion pegs in receptive hyphae. The nature of the chemoattractant compounds involved in hyphal or germling fusion, as well as their specificity across fungal species, is unknown (14, 38) . Fmk1 and Fso1 control VHF through distinct pathways. Here we focused on two genes known to play a key role in VHF of N. crassa, MAK-2 and SO (12, 33) . Strains of F. oxysporum lacking the orthologue fmk1 or fso1 were severely affected in the fusion of vegetative hyphae and microconidial germ tubes, suggesting that the essential role in anastomosis of the MAPK and WW domain protein is conserved between Neurospora and Fusarium. In our study, deletion of fmk1 had a slightly but reproducibly more severe effect on the frequency of heterokaryon formation than inactivation of fso1. Interestingly, the ⌬fmk1 ⌬fso1 double mutants had a clearly lower heterokaryon frequency than either of the single mutants. The simplest interpretation of this result is that mutations in fmk1 and fso1 are not epistatic because the two genes function in distinct pathways. While the PMK cascade has been studied in more detail (22) , the biological role of Fso1 remains largely unknown. In N. crassa, the SO protein was shown to localize to septal plugs, but this localization appeared to be independent of the WW protein interaction domain which, in turn, was required for VHF (11) . The SO orthologue of Sordaria macrospora, PRO40, which is essential for fruiting-body development, also accumulated in septal plugs of injured hyphae and colocalized with the Woronin body-specific protein HEX-1 (10). It is not clear how the subcellular localization of the SO protein relates to its role in vegetative and sexual hyphal fusion.
Besides their severe impairment in VHF, F. oxysporum ⌬fso1 mutants displayed a clear phenotype in aging submerged cultures. In contrast to the wild type, they failed to produce large hyphal aggregates and maintained higher levels of microconidia at late stages of culture. Both phenotypes were also observed in the ⌬fmk1 and ⌬fmk1 ⌬fso1 strains, suggesting that they may be related to the absence of anastomosis in these mutants. The requirement of VHF for the formation of hyphal aggregates points to a role of VHF in the formation of large multicellular structures, although the biological significance of these structures is unknown. Link between VHF and pathogenicity. The finding that the MAPK Fmk1 controls pathogenicity and anastomosis in a single organism, F. oxysporum, validates the hypothesis that the two processes have some signaling mechanisms in common. The abilities of this conserved MAPK cascade to integrate a variety of signals and to produce distinct developmental outputs were first reported in Saccharomyces cerevisiae, where it controls mating, haploid invasion, and pseudohyphal development (25, 26) . Subsequently, it was found to regulate both virulence and sexual development in fungal plant pathogens (24, 31, 48) and, more recently, anastomosis and sexual development in A. nidulans and N. crassa (33, 46) . The exact mechanisms through which a single MAPK cascade imparts signaling specificity to these different developmental outputs remain to be elucidated. Mating, anastomosis, and plant infection clearly have characteristics in common, such as activation by diffusible substances, redirection of growth, attachment to the partner or host, differentiation of specialized structures, and deployment of cell wall-degrading enzymes to the site of attachment (14, 38) . While the activation of sexual development by pheromones and G-protein-coupled receptors has been studied in detail (9) , the molecular nature of the signals and receptors triggering VHF and plant infection remains to be elucidated.
In contrast to ⌬fmk1 mutants, which were impaired in both VHF and pathogenicity, ⌬fso1 mutants were only affected in anastomosis but retained full virulence on tomato plants. Thus, Fso1 must function either in an anastomosis-specific branch downstream of the Fmk1 cascade or in a distinct pathway. Based on genetic evidence, we favor the second hypothesis because ⌬fmk1 ⌬fso1 double mutants display a more severe phenotype than each of the single mutants. The ⌬fmk1 ⌬fso1 strains also consistently showed slightly further reduced virulence compared to the already very weak virulence of the ⌬fmk1 strain. Thus, although Fso1 contributes only marginally to virulence, its contribution appears to come through a pathway distinct from that of Fmk1 (Fig. 7) .
The finding that ⌬fso1 mutants are still virulent on tomato plants rules out the direct implication of anastomosis in plant infection. However, hyphal fusion still may play subtle yet significant roles in fungal pathogenicity. The establishment of hyphal networks may help in optimizing virulence-related functions such as adhesion to host surfaces or exploitation of the limited nutrient resources encountered during infection. Conidial anastomosis tubes were previously reported in leaf pathogens such as Colletotrichum spp. (41) . Here we observed frequent anastomosis events during the growth of F. oxysporum on tomato roots and found that strains impaired in VHF were reduced in root adhesion and colonization efficiency. Both pathogenic and nonpathogenic F. oxysporum strains extensively (32) . Under natural conditions, the formation of hyphal networks during root colonization may be important for efficient adhesion, nutrient utilization, and competition with other soil microorganisms. In bacterial pathogens, the formation of biofilms on the root surface has been implicated in virulence (45) . A second possible role of anastomosis in pathogenicity is the generation of variability through the transfer of genetic material among different strains or even species (39, 43) . This mechanism could be particularly important in pathogens lacking a known sexual cycle such as F. oxysporum. The occurrence of horizontal gene transfer between F. oxysporum and other fusaria has been suggested based on the species distribution of the transposon Fot1 (4). Although fusion among incompatible strains usually results in the death of the fused cells (15) , certain DNA regions may escape degradation and become integrated in the genome of the fusion partner (28, 43) . Evidence for horizontal transfer of a critical virulence factor, the toxA gene, between two fungal pathogen species was reported recently (13) .
In summary, the present study shows that hyphal fusion in F. oxysporum is regulated by distinct cellular pathways. While some of these signaling components are also required for virulence, others are not. These results indicate that VHF is not essential for plant infection. FIG. 7 . VHF and pathogenicity have some signaling mechanisms in common. The Fmk1 MAPK cascade regulates both VHF and virulence-related functions such as adhesion and invasive growth. By contrast, Fso1 functions in a distinct pathway which is essential for VHF but contributes only marginally to virulence, indicating that VHF is not essential for pathogenicity on plants.
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